The performance of conventionally reinforced concrete (RC) beams strengthened in flexure with externally bonded fiber-reinforced polymers (EB-FRP) was studied by compiling and analyzing an experimental database. A total of 127 specimens from 23 separate studies were included in the database. A profile of specimens in the database is given, followed by an analysis of trends in failure mode, strength gain, and deformability. Failure by debonding of FRP was prevalent among specimens in the database. One-third of the specimens with external reinforcement added showed strength increases of 50% or more in combination with considerable deflection capacity. It was clear from the experimental studies that the procedures followed were most representative of member strengthening rather than repair. Most of the specimens in the database were not subjected to sustained loading or damage causing loss of original capacity before external reinforcement was added. To assess the real potential of using FRP for expedient and economical field repair and strengthening of RC members, it was concluded that future research on the application of FRP to RC members should focus on conditions that are similar to what is observed in the field, including the effects of sustained load during repair/ strengthening as well as corrosion-and load-induced damage.
INTRODUCTION
By many accounts there is a growing, multi-billion-dollar need for infrastructure renewal in North America. Highways, bridges, parking garages, and other exposed structures are becoming functionally obsolete or deteriorating, while governments and other owners struggle to produce the funds to catch up. It has become clear in the past decade that these infrastructure rehabilitation challenges demand new technologies and new materials.
Fiber-reinforced polymer (FRP) composites are relatively new construction materials that have attracted a lot of attention in research and field applications and have shown to be quite promising for rehabilitation of reinforced concrete (RC) structures. Development of standards is now being pursued (ACI Committee 440-F 1999; FRP International 1999) for the use of externally bonded fiber-reinforced polymers (EB-FRP) with RC structures. Common applications of unidirectional EB-FRP sheets include column wraps, slab soffits, and longitudinal as well as transverse reinforcing of beams. This paper will focus on the use of EB-FRP for flexural strengthening and repair of RC beams. Flexural strengthening of beams is one of the relatively more challenging applications of EB-FRP because of the need to guard against unwanted failure modes and ensure ample deflection capacity, while still retaining the desired advantage of increased strength. Because of the properties of FRP materials and the fact that performance potentials are dependent on properties of the existing member, designers must have a sharp focus on the interrelationships between strength, failure mode, and deflection capacity of beams with EB-FRP flexural reinforcement. Conventionally reinforced concrete beams are designed so that they would fail in flexure only after developing significant tensile strain in steel reinforcement. Beams reinforced with EB-FRP can be expected to fail by rupture of FRP, flexural compression in concrete, beam shear associated with increased flexural 1 Assoc. Prof., Dept. of Civ. Engrg., Univ. of Toronto, Toronto, Canada M5S 1A4. strength, or debonding of FRP-all of which are considered to be more brittle than failure modes for conventional beams.
The primary issue in flexural strengthening design with a certain type of FRP is deciding how much EB-FRP flexural reinforcement should be used. This choice will influence failure mode, strength, gain, and deflection capacity. There is a general expectation that strength gain and deflection capacity would show opposing trends with the amount of EB-FRP, and it is also expected that deflection capacity would be related to the mode of failure.
This paper reports on a study of the interrelationships between strength, failure mode, and deflection capacity for beams reinforced with EB-FRP flexural reinforcement with the objective of identifying trends that should be considered in design and in the formulation of standards. The main goal of this study was to extract as much information as possible from research to convey to designers what should be the target failure mode and how to achieve an opportune balance between strength gain and deflection capacity. For these purposes, a database of structural test results was compiled from available literature and analyzed. A critical examination of the experimental database from the point of view of readiness for standardization is also presented.
INDICES OF DESIGN AND BEHAVIOR
In this section, a logic is constructed for analyzing trends in behavior of beams with EB-FRP flexural reinforcement in a way that is related to design issues. In any such analysis, it is the potential for identifying relationships between dependent and independent variables that is key. In this regard, the characteristics of the test specimens and their performance were closely considered in order to establish representative indices for database analysis. Dimensionless forms of these indices were sought wherever possible in order to promote identification of general trends.
Independent Variables
Independent variables in this case are those that describe the most significant aspects of the specimens themselves. As stated at the outset, the principal question in design would be how much FRP reinforcement to use. As such, a number of indices were formed to examine the importance of this design consideration. It is customary with conventionally reinforced concrete beams to express the quantity of flexural reinforcement as a ratio of the flexural cross section. This should be done for the FRP area as well, but it may be taken care of automatically wherever two reinforcement areas are involved in forming a related dimensionless index. A seff ing to balanced failure, as defined in the subsequent section. This index takes into account the geometric properties and the relative strengths of all materials used in a cross section. It stands to reason that the strength of a conventionally reinforced concrete beam with an already high reinforcement ratio would not benefit from large additions of EB-FRP reinforcement, as it would already be on the verge of flexural compression failure. Conversely, beams with rather light conventional reinforcing would be candidates for more significant strength gains due to additional external reinforcement. A second index that can be used to distinguish these cases, then, is
seff s
where A s = area of steel tension reinforcement.
Another concern related to the choice of FRP area is the ability to maintain good bond to the concrete cover beneath the existing steel tension reinforcement. This aspect of behavior depends, in part, on forces imposed on the concrete layer in between, which in turn may depend on the relative stiffness of the FRP and tension steel. Thus, a third index of FRP area to be considered was
where A a E a and A s E s = axial rigidities of the FRP and tension steel, respectively. Beyond the issue of area of FRP to be provided, there are potential additional issues associated with detailing of the FRP, such as special anchorages (end straps, tapered ends, anchor bolts, staggered cutoffs, and gaps at the span ends). While these are not readily expressed with a quantitative index, they must be considered to some extent when searching for a means to organize data.
The independent-variable indices described thus far are sensitive to specimen characteristics likely to play a role in flexural (tension or compression) or debonding failure modes. Another important consideration in flexural strengthening of beams is that increased flexural capacity can lead to a corresponding increase in shear demand. Thus, the ratio of shear demand to shear strength of the existing section V u /V n should be monitored.
Dependent Variables
Dependent variables are those related to the performance of the strengthened beams. The issue of most interest to the designer would be how the addition of FRP alters the performance of the beam. So, for a number of indices, it is appropriate to express strengthened beam performance as a ratio with that of the conventionally reinforced, or control, beam. The most obvious issue is how much strength gain was achieved, as expressed by strength of beam with EB-FRP SR = strengthening ratio = (4) strength of control beam Further concern arises from an expectation that a gain in strength would be met with a loss of some deflection capacity, as adding FRP reinforcement reduces the capacity for plastic straining of the tension reinforcement. One measure of the deflection capacity is DR = deflection ratio central deflection at peak load for beam w/EB-FRP = central deflection at peak load for control beam (5) where the deflection capacity of the strengthened beam is compared with that of the conventionally reinforced beam. Another of direct practical importance is the deflection capacity of the strengthened beam relative to the span length, D/L. In cases for which FRP strain is reported, it is possible to evaluate the efficiency of a particular choice of FRP area by comparing the maximum reported strain with the strain at rupture (ε au ) crit (ε ) a of the FRP material:
When this ratio is low, ineffective use of FRP material would be indicated. A final index of performance is the failure mode, which is not readily quantified but should nonetheless be used to organize and judge performance results.
PROFILE OF EXPERIMENTAL DATABASE
An extensive review of the literature was conducted for the purpose of compiling a database of structural tests of RC beams reinforced in flexure with EB-FRP. The database, organized by a code associated with the first writer's name in the list of references, is presented in summary in Appendix I.
All of the specimens in the database were simply supported beams of conventionally reinforced rectangular or T cross sections loaded in four-point bending. Beams were strengthened externally-in a manner designed primarily to increase flexural strength-using nonprestressed, epoxy-bonded FRP composite materials. Specimens for which geometry, material properties, failure mode, strength, and maximum deflection were not reported were excluded from this database. These restrictions limited the size of the useful database to a little more than half of the tests found in the literature review (which was concluded in April 1999).
Variable characteristics of the 127 included beam specimens are summarized in Table 1 . It is interesting to note how little variation there was in shear span ratios. As an indicator of specimen scale, the distribution of beam span lengths summarized in Table 1 shows that more than 40% of the specimens had spans of 3 m or less. As data in the table indicate, nearly all beams were strengthened with either glass or carbon FRPs (GFRP or CFRP). Reported strength and modulus for the FRPs are plotted in Fig. 1 .
FIG. 2. Material Properties and Strain and Stress Distributions Assumed in Analytical Model

FIG. 1. Reported FRP Properties
Flexural analyses were made to estimate the nominal flexural capacity of both the strengthened specimens and conventionally reinforced control beams and to determine the net tensile force for balanced failure. Material response was considered to be linear for FRP reinforcement and elastoplastic for steel reinforcement (see Fig. 2 ). For concrete, a familiar parabolic stress-strain curve was used and extended into the postpeak region for simplicity, as follows:
where ε o = 0.002. Concrete tension and tension stiffening effects were neglected. Plane sections were assumed to remain plane. Therefore, if the concrete strain at the extreme compression fiber is used as a controlling variable, one could express the strain in the compression steel, the tension steel, and the FRP as follows:
The resultant compressive force and its location with respect to the section neutral axis are given by
The compressive force in the compression steel, the ten-F Ј s sile force F s in the tension steel, and the tensile force F a in the FRP are given by the following equations:
For a given concrete stain at the extreme compression fiber ε c , one could calculate the position of the neutral axis by solving the section equilibrium equation:
Finally, the section nominal moment capacity can be calculated as follows:
n n c n s n a c where
An effective total reinforcement area was computed as the maximum potential tensile force divided by the yield strength of the tension steel:
Balanced reinforcement areas were computed using the bal M nc 5. Calculate the balanced reinforcement area:
Reported values of FRP modulus, steel yield, and concrete compressive strength were used in the material models. Fig. 3 shows the distribution of the ratio of effective reinforcement area to the area for balanced failure for strengthened and control beams. Control beams were generally lightly reinforced. Only about 20% of the strengthened beams could be considered underreinforced.
Nominal shear strength was computed for all specimens in accordance with ACI 318-95 (V n = 0.5
where is in MPa). Reported stirrup sizes, spacings, and yield f Ј c stress values (Table 1 and Appendix I) were used in these calculations. Shear demand was taken as the computed nominal flexural resistance divided by the shear span. Distributions of the ratio of shear demand to nominal shear strength for control and strengthened beams are shown in Fig. 4 . The distribution suggests that only one third of the strengthened beams could be considered candidates for shear failure before reaching their nominal flexural capacities.
External reinforcement with FRP can be used either for repair or for strengthening, or perhaps both. In evaluating a set of test results of this kind, the specific objective of external reinforcing should be kept in mind. With very few exceptions, the specimens in this database were not subjected to damage causing loss of original capacity before external reinforcement was added. For this reason, it is most appropriate to interpret these data from the point of view of strengthening rather than repair.
FAILURE MODES AND FRP EFFICIENCY
Reported failure modes for the specimens included in the database were 63% by debonding of FRP, 16% by tensile rupture of FRP, 12% by concrete flexural compression, and 9% by beam shear. Reporting of failures was not always detailed enough to permit distinguishing between various modes of debonding (i.e., initiated at cutoff point, initiated in vicinity of load point, or due to faulting at a shear crack).
The which is higher than the 49% overall average. A plot similar to that shown in Fig. 5(a) was given by Triantafillou (1998) for RC beams strengthened in shear using FRP external reinforcement. Triantafillou suggested that such plot be used to determine the limiting area of FRP beyond which the effectiveness of strengthening is no longer positive.
It is interesting to note from Fig. 5 (a) that all but one (point A) of FRP rupture cases were associated with a relatively small k frp values (about 0.1). Furthermore, three points (A, B, and C) on the same figure deviate from the general trend exhibited by the rest of the data. These three points show exceptionally high FRP efficiency ratios despite their high k frp values. It is worthwhile to consider these cases individually.
Point A is a wide beam section (see Appendix I) tested by Meier (1991) . Three characteristics collectively distinguish this beam from the others in the database; it had a wide section aspect ratio, a low steel ratio, and a relatively small amount of EB-FRP added. The rigidity ratio A a E a /A s E s was relatively high for this case because the steel area was quite low. Saadatmanesh and Ehsani (1991) , which was cambered prior to strengthening with GFRP. By prestressing the section in this manner, debonding at a shear crack was delayed to higher FRP strain, due to both improved crack control and the FRP prestrain.
Point C represents specimen MM5 tested by Arduini and Nanni (1997) . This specimen had a specially designed FRP layout that was unlike others in the database: one longitudinal layer along the soffit, one longitudinal layer wrapping the sides and soffit in a U-shape, and one transverse layer wrapping the sides and soffit in a U-shape. Debonding was prevented and failure occurred by shear near the support, beyond the extent of the FRP. Of the three notable exceptions to the trend in Fig.  5(a) , the special measures that brought about exceptional performance in this case are of the most potential practical significance in flexural strengthening of RC beams.
The open squares in Fig. 5 (a) denote specimens for which some form of special detailing (i.e., anchor bolts, FRP plate tapering, end straps, as detailed in the individual references) was used in order to try to improve bond performance of the FRP to the RC beam. The results show that these measures were somewhat helpful-as these points lie near the top of each cluster following the trend-but not so much as to deviate markedly from the overall trend in efficiency.
In Fig. 5(b) Fig. 5(a) showed, when debonding was precluded by special circumstances, there were notable departures from the general trend. Thus, it follows that, as more results become available with debonding precluded, it will be necessary to revisit these trends. Fig. 6 summarizes reported failure modes versus those predicted from computed nominal flexural and shear strengths (as described for Figs. 3 and 4) . Debonding failures aside, the data in this figure suggest that prediction of rupture failures is somewhat more reliable than prediction of shear or flexural compression failures in strengthened beams. The prevalence of debonding failures among each of the other predicted modes emphasizes the need either for a reliable means of preventing this type of failure or for a practical method of predicting it. Attempts to address this need can be seen in recent publications (e.g., Brosens and Gemert 1997; Maeda et al. 1997; Blaschko et al. 1998; Chaallal et al. 1998; Malek et al. 1998) . The general analysis approach is an extension of the earlier work of Roberts (1989) , where an approximate analysis was used to compute the shear and normal stress concentrations in the adhesive layer of steel-plated RC beams. The work of Roberts (1989) was motivated by the observation that premature failures may occur because of the shear and normal stress concentrations at the end of steel plates, resulting in debonding or ripping off the concrete cover along the level of conventional internal reinforcement. The recently proposed methods to predict and prevent premature failure of FRP externally bonded RC beams are timely; however, such methods have yet to be experimentally verified before they can be relied upon in practice.
STRENGTH AND DEFORMABILITY
Two indices are used to compare the performance of strengthened beams with their conventionally reinforced counterparts: the strengthening ratio (SR) and the deflection ratio (DR), as defined previously. Strengthening and centerline deflection ratios for all specimens with adequate reporting of deflection data are shown in Fig. 7 . Strengthening ratios varied from 1.0 (a debonding failure with inadequate epoxy) to 4.3, with nearly all specimens having values between 1.0 and 2.0. Deflection ratios varied from 0.15 to 1.38, with nearly all of Values of DR higher than 1.0 were possible only because special measures were taken to confine the compression zone and thereby preclude flexural compression failure (Mukhopadhyaya et al. 1998 ). There was no discernible trend between the two ratios. However, it can be seen from Fig. 7 that beams for which the index k frp = A a E a /A s E s was no more than 0.25 have on average a higher DR than beams for which k frp was larger than 0.25. Table 2 summarizes values of strengthening ratio as a function of reported failure mode. Except for a small number of specimens which failed by shear, debonding failures had both the largest range and the highest average of values of strengthening ratio. In practical terms, this fact must be considered in conjunction with the need for an appreciable safety factor because of the brittle nature of the failure and the relative uncertainties in predicting its associated capacity. In Figs. 8 and 9, specimens failing by FRP debonding are classified by the flexural and shear parameters presented in Figs. 3 and 4. Fig.  8 shows that, of the six cases of debonding failures with high strength gains, five were underreinforced or just slightly beyond the balanced reinforcement level. Fig. 9 shows that all six of these cases had relatively low levels of shear demand. However, low shear demand, by itself, does not ensure high strength gain in debonding type failures. For all six cases, strengthening ratios higher than 3.0 were possible, because the original RC beams had low ratios of conventional steel reinforcement ( p < 0.004), as indicated in Fig. 10 . These results show that strengthening ratios in excess of 1.5 were only reached for beams with steel flexural reinforcement ratios of 1.25% or less.
A number of studies reported using special anchorage details for FRPs (see the last column of the table in Appendix I), consisting of anchor bolts, U-shaped straps near the cutoff, or staggered cutoffs of multiple-layered plates. In addition to these particular details, because of specific experimental considerations, there was a variation in the distance between the end support and the terminal edge of the FRP plate. Fig. 11 shows that the strengthening ratio showed little consistent sensitivity to either the plate gap near the support (as normalized by the shear span) or to the use of special anchorage details. About half of the cases with special anchorage details still failed by debonding, but these had about the same average strengthening ratio as cases for which specially detailed specimens failed by another mode. Only one case for which the strengthening ratio exceeded 2.0 used special anchorage detailing. Fig. 12 shows the effect of special anchorage details and plate-end gap on the deflection ratio. Analysis of the data shown indicates that, when special anchorage details were used, the average deflection ratio was 0.66. Without special anchorage details, however, the average deflection ratio was 0.54. Fig. 12 also shows that the maximum attainable deflection ratio tends to decrease with increasing plate-end gap. However, this dependence is more pronounced when special anchorage details were used. Fig. 13(a) shows strengthening ratios for specimens failing by FRP rupture plotted against both the ratio of effective reinforcement area to the area for balanced flexural failure ( ) and the ratio of steel reinforcement area to the area Deflection ratio data for various failure modes are summarized in Table 2 . On average, the specimens failing in flexural compression preserved considerably more of the deflection capacity of the control beams than was the case for the other failure modes. Average values of deflection ratio for FRP rupture and debonding failures were below 0.6 and 0.5, respectively, though both had a very large range of values. In general, values of deflection ratio very near 1.0 for these types of failure can result from adding a very small area of FRP or from inadequate epoxy performance, either of which would result in little change in either strength or deflection with respect to conventionally reinforced (control) beams. For the three cases with deflection ratios above 1.0 (defining the top end of the ranges in deflection ratio for compression, rupture, and debonding type failures in Table 2 ), it can be observed from Fig. 7 that there was little corresponding gain in strength. Recall that deflection ratios above 1.0 were possible only because of special confinement of the compression zone.
Deflection ratio data in Fig. 7 and Table 2 are not sufficient for judging the deformability of strengthened beams because they depend on the deflection capacity of control beams, which would be likely to vary considerably from case to case. Fig.  14 shows values of centerline deflection capacity, expressed as a fraction of total span length, along with corresponding strengthening ratio values for all specimens with adequate reporting of deflections. (A summary of deflection capacity data for various failure modes is also given in Table 2 ). The data in the figure do not suggest a general trend of decreasing deflection capacity with increasing strength gain. Of the specimens with adequate reporting of deflection data, 33% had strengthening ratios of 1.5 or higher along with a deflection capacity of L/120 or more. Of these, 64% failed by debonding, 12% by rupture, 12% by flexural compression, and 12% by shear [see Fig. 14(a) ]. Data highlighted according to the level of steel reinforcement in the beam [Fig. 14(b) ] suggest that it is possible to use EB-FRP on moderately reinforced concrete beams and achieve both significant strengthening and centerline deflection capacities. When the data is highlighted according to the index k frp = A a E a /A s E s [ Fig. 14(c) ], it can be observed that most data points with k frp of no more than 0.25 cluster to the right of data points with k frp greater than 0.25, indicating larger deflection capacities for the former case. Fig. 15 indicates that the deflection ratio stands to increase with increasing FRP efficiency ratio. According to Fig. 5(a) , the efficiency ratio was found to decrease with increasing relative axial stiffness of the FRP with respect to that of the internal steel reinforcement (A a E a /A s E s ). Therefore, one would expect the deflection ratio to decrease with increasing A a E a / A s E s ratio. Fig. 16 indicates that there is indeed a general trend of decreasing deflection ratios with increasing A a E a /A s E s ratios. Though scatter is considerable in both figures, they do suggest that by limiting the A a E a /A s E s ratio, it is possible to prevent or delay debonding type failures as well as ensure adequate deflection capacity.
CONCLUDING REMARKS
In this paper the performance of conventionally reinforced concrete beams strengthened in flexure with externally bonded FRP was studied by compiling and analyzing an experimental database. Procedures followed in the reported experimental studies were most representative of member strengthening rather than repair or rehabilitation. The main aspects of performance considered in the database analysis were failure mode, efficiency, strength gain, and deformability of strengthened beams. Because many of the failure modes were of a brittle and sometimes complex nature (relative to the flexural softening of underreinforced conventional beams), there is a need to allow for some factor of safety when making use of the potential for strengthening that can be provided in this manner.
Debonding failures were prevalent in the tests reviewed here, and values of strength gain and deformation capacity showed considerable variation for this broad class of failure mode. Debonding failures are more difficult to characterize and analyze than the other potential modes, as they depend on factors that are foreign to analyses of conventional members for shear and flexural modes (i.e., epoxy thickness and mechanical response, preparation of the concrete before application of the epoxy, and sensitivity to faulting motions along member cracks propagating to the tension face). This might explain the lag in corresponding development of analytical tools for predicting and preventing these types of failures. In recently published articles, approximate methods have been introduced for the analysis and design against debonding type failures in beams with EB-FRP. Further testing is needed, however, before such methods can be relied upon in practice.
The review of the literature which preceded the compilation of this database did not yield many reports of studies focusing on repair or rehabilitation of members damaged by severe overloads or environmental attack. Furthermore, all but five of the specimens in the database were repaired in an unloaded condition. It is conceivable that consideration of damage to existing conventional reinforcement or sustained stress in the compression zone would lead to considerably different trends in failure mode, strength, and deformability.
To assess the real potential of using FRP in the repair and strengthening of RC members, it is necessary to test the use of FRP on RC members that are in conditions similar to what is observed in the field. This includes the effects of damage induced by loading and corrosion as well as the influence of loading sustained during repair/strengthening. Further tests are also needed to investigate the durability of this repair and strengthening technique. Specifically, the durability of FRP external reinforcement under freezing and thawing, aggressive substances, and fatigue needs to be examined further.
Because the addition of FRPs having linear behavior up to rupture eliminates the possibility of flexural tension softening, there is a general expectation that beams reinforced in this manner would have inadequate ductility. The results analyzed in this database have shown that, with proper design, externally strengthened beams can develop considerable deformation before failure. Proper design should involve limiting the relative axial stiffness of the FRP with respect to that of the internal steel reinforcement as well as using special anchorage details to delay brittle debonding types of failures. Further, it must be realized from the outset that significant strength gains using EB-FRP are easiest to achieve for lightly to moderately
